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families to large, four generation, extended families. A total of 719 European American adults (336 men and 383 women) age 18 years and over were included in this genome-wide linkage study. Participants were included in this analysis if they had at least one set of calcaneal QUS measurements and wholegenome short tandem repeat (STR) marker data. The Wright State University Institutional Review Board for Human Subjects Research approved the informed consent and research protocols. Written informed consent was obtained from all participants. There are a total of 3,138 relative pairings that exist among the 719 participants including 858 pairings for the first degree relationships (e.g. parent-offspring) and 605 relative pairings for the second degree relationships (e.g., grandparent-grandchild). This subset of participants belongs to 110 families with a mean family size of 5.
Quantitative ultrasound BUA (dB/MHz), SOS (m/s) and quantitative ultrasound index (QUI), a combined index of BUA and SOS were measured on the right calcaneous using the Sahara ® bone sonometer (Hologic, Inc., Waltham, MA). Duplicate measurements of BUA and SOS were performed and the average value of these duplicates was used. Quality control was performed daily following the manufacturer's protocols. The coefficients of variation (CV) for duplicated measures of BUA and SOS were 7.51% and 0.58% respectively (15) .
Other measurements
Body weight was recorded to the nearest 0.1 kg and height was measured to the nearest 0.1 cm, and body mass index (BMI) was calculated from body weight and height (kg/m 2 ). Current smoking and alcohol consumption, physical activity levels, and menopausal status were collected by questionnaire. Participants who reported that they currently smoked cigarettes, cigars or pipe were coded as current-smokers. Current alcohol consumers were those who consumed a 12 oz bottle of beer, 4 oz of wine, or 1 oz of hard liquor once or more weekly. Sport physical activity level was recorded using the Baecke Habitual Physical Activity questionnaire (17) . Women who did not menstruate over the past 12 months or longer or who underwent a hysterectomy with bilateral oophorectomy were categorized as post-menopausal.
Genotyping
Venous blood samples were collected after overnight fasting, and leukocyte samples were stored in -80°C freezers for later DNA isolation. Isolation of DNA and genotyping of short tandem repeat (STR) markers were conducted in the Department of Genetics at the Southwest Foundation for Biomedical Research (San Antonio, TX). A total of 400 highly polymorphic markers from the ABI Prism Linkage Mapping Set -MD10 (Ver 2, Applied Biosystems, Foster City, CA) spaced at approximately 10 cM intervals (range 2.4 to 24.1 cM) across 22 autosomes were used. Genotypes were assigned using the Applied Biosystems Genotyper software package, and were based upon known genotypes from Centre d'Etude du Polymorphisme Humain (CEPH) DNA samples included with each run (18) . Genotypes were initially evaluated for simple Mendelian inconsistencies using the PEDSYS (19) program INFER. Markers were eliminated from further consideration if their Mendelian error rate was greater than 1%. Samples were removed from analysis if they failed typing for more than 5% of markers. The genotyping success rate was 97% for our sample.
Maximum likelihood techniques that accounted for pedigree structure were used to estimate allelic frequencies. For each genetic marker locus, the estimates of the allele frequencies and their standard errors were obtained using the Sequential Oligogenic Linkage Analysis Routines (SOLAR) analytic platform (20) . The PEDSYS program PRESWALK was used to clean the genotype data for any remaining Mendelian inconsistencies and excess implied recombinants. Based on the results of a SimWalk2 mistyping analysis (21) , PRESWALK blanks genotypes likely to be in error. The error rate was 0.31% based on the PRESWALK mistyping analysis. The genetic map used for the mistyping analysis was constructed from the deCODE map (22) . Using this map and the cleaned genotype data, multipoint estimates of IBD-allele sharing among genotyped individuals were calculated using the Markov chain Monte Carlo methods implemented in Loki (23) . The resulting multipoint IBD matrices were used in quantitative trait linkage analysis.
Statistical analysis
QUS traits were examined for normal distribution and kurtosis. QUS values greater than four standard deviations from the mean of each trait (n = 3 for BUA, n = 2 for SOS) were excluded in order to improve normality of the distribution. The relationships between QUS traits and osteoporosis risk factors were tested at the phenotypic level using general linear modeling in Statistical Analysis Software (SAS Ver 9.1.3, SAS Inc., Cary, NC).
A variance component decomposition approach implemented in SOLAR was used to examine evidence for additive genetic effects on QUS traits in quantitative genetic analysis. The heritability (h 2 ) of each QUS trait was estimated as the proportion of the total phenotypic trait variance (σp 2 ) attributable to additive genetic effects (σg 2 ). Covariates included in the genetic analyses were age, age 2 , sex, age-by-sex, age 2 -by-sex, BMI, height, current smoking, sport activity level, and menopausal status.
Quantitative trait linkage analysis
A variance components-based linkage analysis method implemented in SOLAR was used (20) . The SOLAR analytic platform (20) contains an integrated set of computer algorithms for the detection and localization of QTL. To examine QTL linked to QUS measures, the phenotypic covariance matrix (Ω) for a pedigree is given by: Ω = Πσ + 2 Φσ + Iσ where Π is a matrix of identical by descent (IBD) coefficients at a marker locus that is used to structure σ 2 q, the variance due to the QTL; Φ is the n x n matrix of kinship coefficients that structures σ 2 g, the variance due to additive effects of genes; and I is an identity matrix that serves as the structuring matrix for σ 2 e, the variance due to unmeasured, nongenetic factors. We tested the null hypothesis that σ 2 q, (the genetic variance due to the QTL) equals zero (no linkage) by comparing the likelihood of this restricted model with that of a model in which σ 2 q is estimated. The difference between these two likelihoods produces a LOD (log-odds). Following the approach of Feingold et al. (24), we calculated genome-wide significance levels for our data given the pedigree structure. Significant evidence for linkage (i.e., genome-wide p-value < 0.05) (25) for the QUS phenotypes corresponds to a LOD score of 2.9, and from this 1-Lod unit support intervals for significant linkage were determined. Significant covariates were retained from the quantitative genetic analysis and were simultaneously adjusted for in the multipoint linkage analysis.
Results
Descriptive characteristics of the study participants are shown in Table 1 . The average age is 47.6 years. Weight, height, and BMI are greater in men than in women (all p-values < 0.05). Men reported higher sport activity compared to women (p-values < 0.01). Phenotypically, there are significant (p-values < 0.01) negative relationships between age and QUS parameters (phenotypic correlation coefficients; r = -0.16 (BUA) and r =-0.32 (SOS)). All three QUS measurements were significantly lower in women than in men (p-values < 0.05). The phenotypic correlation coefficients among QUS traits were r = 0.82 for BUA and SOS, r= 0.92 for BUA and QUI, and r = 0.98 for SOS and QUI (p-values < 0.001). Table 2 shows heritability estimates and significant covariates included in the quantitative genetic analysis. All three QUS measures were significantly heritable (h 2 ± SE, p < 0.00001): 0.42 ± 0.09 for BUA, 0.57 ± 0.08 for SOS, and 0.52 ± 0.09 for QUI respectively indicating that over 40% of the variance in QUS traits is explained by additive genetic effects. The proportion of the phenotypic variance in QUS traits accounted for by significant covariates such as age, BMI and current smoking status range from 10.4% to 13.8%. Figure 1 shows the results of genome-wide linkage analysis of QUS parameters and demonstrates several interesting chromosomal regions based on multipoint analysis. Evidence for significant linkage for BUA was detected at chromosome 11 at 27 cM near the marker D11S902 (maximum LOD = 3.11) with a 1-LOD unit support interval ranging 25 cM (approximately 15,379,779 base pairs) from 11 to 36 cM in Figure 2 . No strong evidence for linkage of the SOS measure was detected. For SOS, the highest LOD score observed was 1.56 at chromosome 9p near the marker D9S1817. Multipoint linkage results for QUI showed similar results to those for BUA. The strongest signal (LOD = 2.28) for QUI was found at 11p15 (29 cM) close to the marker D11S902. This signal on 11p was near the LOD peak for BUA (Figure 2 ).
Discussion
Osteoporosis is a complex disease influenced by environmental and genetic factors. Measures of bone mass such as areal BMD are influenced, to varying degrees, by different genes or sets of genes. Even though the underlying genetic mechanisms of BMD have been extensively examined in twin and family studies for the last two decades (2, 3, 5, 6, 26) , the influence of genes underlying normal variation in QUS measures has not been explored to a similar extent (7, (13) (14) (15) . Our estimates of heritability for QUS measures ranged from 0.42 to 0.57 and are consistent with those of other published studies (2, 13) .
Many genome-wide linkage scans for BMD have yielded a wealth of information regarding possible candidate loci or suggestive genes (2, 3, 5, 6, 9, 14, 26) . Further, the exploration of genome-wide association studies in recent years has resulted in a number of putative single nucleotide polymorphisms (SNPs) linked to variation in BMD and fracture risk (7) (8) (9) . QUS measurements, as suggested in animal and epidemiologic studies, may provide additional information beyond bone mass in relation to bone metabolism and structural properties of various skeletal sites (27) (28) (29) . Whilst there are a large number of linkage studies or genome-wide association study of BMD using nuclear or extended families, relatively a few genomewide linkage analyses of QUS parameters have been conducted. Researchers in the Framingham Osteoporosis Study presented suggestive linkage for BUA to chromosome 1p36.3 (LOD = 2.4) near marker D1S468 (14) and more recently for SOS linked to chromosome 5 at 38.7 cM in females only (LOD = 3.06) and chromosome 6 at 150.7 cM (LOD=2.75) (7) . In another study, based on female twins, Wilson et al., found significant linkage of QUS parameters (BUA and VOS) to chromosomes 2q and 4q (13) . In the present study, we identified at least one chromosomal region (chromosome 11p15) contributing significantly to variation in BUA. The findings of this study also provide additional evidence for a QTL in the same location for the QUI phenotype, which is a combined index of BUA and SOS.
GENOME-WIDE LINKAGE SCAN FOR QUANTITATIVE TRAIT LOCI UNDERLYING NORMAL VARIATION

Figure 1
Multipoint genome scans of BUA, SOS, and QUI The significant QTL identified in our study has not been implicated in previous linkage studies of QUS measures. However, our results warrant further investigation. Interestingly, a recent study of bone density detected linkage of BMD changes over 5.6 years of follow up to the same or nearby regions of our chromosome 11p peak (30) . Suggestive linkage (LOD = 2.5) to bone loss at the 33% radius was identified at region 11p14-15 among young Mexican Americans from the San Antonio Family Osteoporosis Study (30) . The 1-LOD unit support interval for the BUA peak on chromosome 11p15, found in our study, spans approximately 15.3 Mbp and contains 160 known or hypothetical genes. A number of interesting candidate genes with potential influence on bone, calcium and vitamin D metabolism underlie this chromosomal region. Recent genome-wide association studies have demonstrated that allelic variants in SRY (sex determining region Y)-box 6 (SOX6) gene were significantly associated with femoral neck areal BMD (8) and with the bivariate relationship between femoral neck BMD and BMI (31) . The SOX6 gene encodes a transcription factor related to a conserved DNA-binding domain called the high mobility group (HMG) box and is expressed abundantly in skeletal muscle (32, 33) . With crosstalk between bone morphogenetic protein (BMP) signaling, the SOX6 gene is also associated with chondrocyte proliferation in the process of endochondral bone formation in coordination with BMPs (34, 35) .
JNHA: NUTRITION
The Journal of Nutrition, Health & Aging© Volume 16, Number 1, 2012 
Figure 2
Significant linkage on chromosome 11 for BUA and QUI The significant QTL identified in our study has not been implicated in previous linkage studies of QUS measures. However, our results warrant further investigation. Interestingly, a recent study of bone density detected linkage of BMD changes over 5.6 years of follow up to the same or nearby regions of our chromosome 11p peak (30) . Suggestive linkage (LOD = 2.5) to bone loss at the 33% radius was identified at region 11p14-15 among young Mexican Americans from the San Antonio Family Osteoporosis Study (30) . The 1-LOD unit support interval for the BUA peak on chromosome 11p15, found in our study, spans approximately 15.3 Mbp and contains 160 known or hypothetical genes. A number of interesting candidate genes with potential influence on bone, calcium and vitamin D metabolism underlie this chromosomal region. Recent genome-wide association studies have demonstrated that allelic variants in SRY (sex determining region Y)-box 6 (SOX6) gene were significantly associated with femoral neck areal BMD (8) and with the bivariate relationship between femoral neck BMD and BMI (31) . The SOX6 gene encodes a transcription factor related to a conserved DNA-binding domain called the high mobility group (HMG) box and is expressed abundantly in skeletal muscle (32, 33) . With crosstalk between bone morphogenetic protein (BMP) signaling, the SOX6 gene is also associated with chondrocyte proliferation in the process of endochondral bone formation in coordination with BMPs (34, 35) .
The CALCA gene coding for calcitonin or calcitonin related polypeptide alpha on 11p15.2 -p15.1 is also within close proximity to our observed linkage peak at 27cM. Produced mainly in the thyroid, calcitonin has been extensively studied for its physiological role as a potent inhibitor of osteoclastmediated bone resorption and calcium excretion by the kidney by modulating the pathways linked to calcium, vitamin D3 and parathyroid hormone (PTH) (36) . More recently, studies have suggested that calcitonin gene-related peptides (CGRP), expressed by the CALCA gene but spliced differentially in neuronal cells, are involved in the proliferation of osteoblasts and inhibition of osteoclast activity via the central and peripheral nervous system (37, 38) . Other positional candidate genes in the region include a gene coding for PTH, which is known to be a major regulatory hormone involved in calcium homeostasis and/or vitamin D metabolism, and known to modulate both osteoclastic and osteoblastic activity (39) . Another gene coding for cytochrome P450-vitamin D-25-hydroxlase (cytochrome P450, family 2, subfamily R, polypeptide 1, CYP2R1) that produces 25-hydroxyvitamin D in the liver (40) is also a potential candidate.
There are some limitations to our study. It is known that linkage studies of complex traits such as osteoporosis have limited success to replicate the significant genetic loci due to an inability to detect individual gene(s) with smaller effects. Our power simulations suggest that our sample and pedigree structure have sufficient power to detect QTL linked to QUS measures. However, linkage in combination with genome-wide association studies in families may help to increase power and to refine the location of gene(s) underlying variation in QUS measures. Future plans include following these results with genome-wide association studies to identify and further refine the location positional candidate genes influencing QUS measures. Another potential limitation is that our study participants were composed of Caucasian families, and these results, therefore, may not be generalizable to other ethnic/racial groups.
In summary, this study has shown that QUS parameters obtained from healthy Caucasian adults over a wide age range are under significant genetic influence. Since calcaneal QUS measurements are correlated with BMD, but also represent somewhat different properties of bone strength, our finding may augment our current understanding of the complex genetic factors influencing osteoporosis risk. We found significant evidence for a QTL for BUA on chromosome 11p15. This region of chromosome 11p has recently been implicated in other genetic studies of BMD, but may contain putative genes involved in the regulation of calcaneal QUS measures as well.
